Regulation of ER stress proteins, such as the 78-kilodalton
Current theories of the pathophysiology of mood disorders suggest that prolonged increases in glucocorticoid levels, likely the result of prolonged environmental stress, lead to biochemical changes in cortical and limbic neurons that leave individuals vulnerable to depression (Duman et al. 1997) . A number of studies have found evidence of neuronal atrophy and loss of hippocampal neurons in response to stress (Magarinos et al. 1996; Uno et al. 1989; Sapolsky et al. 1985) , and a report of reduced hippocampal volumes in elderly patients with histories of depression suggests that analogous processes may occur in individuals with depression (Sheline et al. 1996) . Some models of mood disorders (Hyman and Nestler 1996; Post 1992 ) have attempted to incorporate the notion of compensatory processes into an understanding of the pathophysiologic changes that occur in patients with mood disorders, but few studies have tested these notions empirically (Post 1992) . Part of the difficulty has been identifying neuroprotective mechanisms that may be of relevance for mood disorders.
Recently, we found that treatment with the mood stabilizing drugs, valproate and carbamazepine, increased expression of the 78-kilodalton glucose-regulated protein (GRP78) . GRP78 is a member of the ER stress protein family that includes GRP94 and calreticulin, all of which function as Ca 2 ϩ binding proteins and molecular chaperones to assist in the regulation of protein folding (Gething 1997) . These proteins have neuroprotective properties, are induced by seizures and ischemic damage, and may be involved in Alzheimer's disease pathology (Yu et al. 1999; Lowenstein et al. 1994; Hamos et al. 1991) .
Increased expression of ER stress proteins by mood stabilizing drugs suggest that these proteins may be in-volved in the pathophysiology of mood disorders, perhaps as compensatory factors induced in response to stress-related neuronal damage. Further evidence for a role of neuroprotective proteins in mood disorders comes from recent reports of increased Bcl-2 levels, another neuroprotective anti-apoptotic factor, after treatment with mood stabilizers Chen and Chuang 1999) . To test the hypothesis that ER stress proteins may be important in the pathophysiology of mood disorders, we measured GRP78, GRP94 and calreticulin in postmortem samples of patients with mood disorders, schizophrenia and nonpsychiatric controls.
METHODS

Postmortem brain tissue was obtained from the Stanley
Foundation Neuropathology Consortium (4 groups of n ϭ 15 age-and sex-matched subjects, i.e., subjects with bipolar disorder (BD), subjects with Major Depressive Disorder (MDD), subjects with schizophrenia (SCZ), and non-psychiatric, non-neurologic comparison subjects) (Johnston et al. 1997) . Details on dissection and clinical characteristics have been previously published (Dowlatshahi et al. 1998 (Dowlatshahi et al. , 1999 .
Briefly, all medical records for psychiatric cases were reviewed by two psychiatrists. Diagnosis was determined according to DSM-IV criteria. If there was disagreement about the diagnosis, a third psychiatrist read the records. If a diagnosis could not be established, a family member was then interviewed. All interviewed relatives were first degree except for two (one aunt and one father-in-law). Similarly, a clinical interview was performed with a family member of each normal control. Cause of death, substance abuse history, medications at time of death and lifetime intake of antipsychotics was available for all subjects (details for MDD subjects shown in Table 1 ).
Sections were cut from coronal blocks. All sections are cut perpendicular to the anterior-posterior axis of the brain. All cortical layers were included as was the underlying white matter. The thickness of underlying white matter in the block was not predetermined and therefore could have varied between subjects. The sections obtained were approximately one gram, and further dissected into 50 mg sections to include a full thickness section.
Total protein was prepared using a whole cell extraction protocol of 50 mg of temporal cortex tissue (Brodmann Areas 20 and 21) (Dowlatshahi et al. 1998; Wang et al. 1999) . Briefly, cells were sonicated in 3 v. of 150 mM NaCl, 15 mM MgCl 2 , 1 mM EGTA, 50 mM Hepes-KOH, 10% glycerol, 1% Triton X-100 supplemented with 0.2 mM phenylmethylsulfonyl fluoride (PMSF), and 1 g/ml pepstatin. Following sonication cells were centrifuged at 14,000g for 20 min at 4 Њ C and the supernatants used. Immunoblotting was carried out following the method of Wang et al. (1999) Immunoblots represent linear ranges of protein used for standardization. Ten to 40 g of whole cell extract from temporal cortex from one healthy comparison subject was run on every gel. A standard curve relating optical density to protein concentration from one healthy comparison subject was constructed for each blot and used to determine the relative immunoreactivity for each subject. MDD suicide (ϩ) subjects (n ϭ 7) had significantly higher GRP78 (A), GRP94 (A), and calreticulin (B) immunoreactivities compared to controls (CTL, n ϭ 15) and MDD non-suicide (Ϫ) subjects (n ϭ 8). Both BD (n ϭ 9 for suicide) and SCZ (n ϭ 4 for suicide) subjects showed no increase in immunoreactivity in any of the proteins compared to the CTL group or non-suicide subjects (BD, n ϭ 6; SCZ, n ϭ 11). Autoradiograms were quantified by densitometry. Results are mean Ϯ S.E.M. *p Ͻ .05 significantly different from controls and non-suicide MDD subjects by ANOVA.
using Ponseau S staining. Tissue samples from one healthy comparison subject were run on every gel (10-40 g) to ensure assays were performed within the linear range and to allow comparisons across blots (Figure 1) . A standard curve relating optical density to protein concentration from the one comparison subject was constructed for each blot. The optical density for 30 g of protein, as determined from the standard curve, was used to determine the relative immunoreactivity for each of the samples. All blots were repeated and tested blind to diagnosis. If greater than 20% variability was found between the two relative immunoreactivity values for each subject, the sample was repeated. Primary monoclonal antisera for GRP78, which cross-reacts with GRP94 (1:2500 dilution) and polyclonal antisera for calreticulin (1:25,000 dilution) were obtained from Stressgen Biotechnologies (Victoria, B.C.). Secondary antibodies, goat anti-mouse IgG conjugated to horseradish peroxidase diluted 1:2500 (Santa Cruz Biotechnology, Santa Cruz, CA) for GRP78/94 and goat anti-rabbit IgG diluted 1:25,000 for calreticulin (Upstate Biotechnologies, Lake Placid, NY) were used, followed by detection with enhanced chemiluminescence (ECL) (Amersham, Arlington Heights, IL). Immunoreactive bands were quantified by densitometry using the SCID image analysis system (ImageExperts, Oakville, ON). Statistical analysis was conducted using one-way analysis of variance (ANOVA).
RESULTS
Subject characteristics for the MDD group are shown in Table 1 . Figure 1 shows that immunoblotting with GRP78/94 or calreticulin antisera yielded immunoreactive bands at 78, 94, and 60 kDa, previously identified as GRP78, GRP94, and calreticulin, respectively. To determine if age, sex, and postmortem delay affected GRP78, GRP94 and calreticulin protein expression, we examined protein levels across these variables in the entire sample. There were no significant effects of age, sex or postmortem delay on GRP78, GRP94, and calreticulin immunoreactivity in the temporal cortex ( p Ͼ .05 in all cases). No significant diagnostic differences ( p Ͼ .05) were found in levels of GRP78, GRP94, and calreticulin when comparing BD, MDD, and SCZ subjects with control subjects. However, we found significantly increased levels of GRP78 (F ϭ 3.50, df ϭ 2, 27, p ϭ .045), GRP94 (F ϭ 4.41, df ϭ 2, 27, p ϭ .022), and calreticulin (F ϭ 4.52, df ϭ 2, 27, p ϭ .020) in the MDD group when comparing subjects who suicided with controls or with those who died by other means (Figure 1) . GRP78, GRP94, and calreticulin levels were increased by 35%, 64%, and 20%, respectively, over control subjects and 28%, 69%, and 20% over nonsuicide MDD subjects.
Although it cannot be known for certain in all subjects whether the treatment history reflects the actual medication taken by the patient at the time of death, we found no differences comparing subjects who were treated with either antidepressants, anticonvulsants, or lithium at the time of death compared to those who were not on any of these pharmacological agents ( p Ͼ .05 in all cases).
DISCUSSION
In the present study we found significantly increased levels of GRP78, GRP94, and calreticulin in temporal cortex of subjects with MDD who died by suicide compared to those who did not. It is unlikely that these differences are the result of suicide itself because no differences were found in patients with BD or SCZ who died by suicide. Furthermore, it does not appear that subjects who died by suicide had different patterns of pharmacologic treatment or greater rates of substance abuse to account for the increased levels in the ER stress proteins (see Table 1 ), and given the consistency of the pattern across the three proteins, it is very unlikely that this is a spurious finding.
Induction of ER stress proteins in MDD may be an attempt to compensate for the toxic effect of prolonged stress and glucocorticoid release on vulnerable brain regions such as the temporal cortex. In support of this hypothesis is the fact that dysregulation of the HPA axis, which controls glucocorticoid levels is particularly common in severe forms of depression and in those patients with suicidal ideation or attempts (Lopez et al. 1997) .
Given the nature of the postmortem tissue used in this study it is not possible to know whether MDD patients who died by suicide were more severely ill at the time of death, or had differences in response or exposure to antidepressants. Since we controlled for other risk factors for suicide such as age, gender and substance abuse (Mann et al. 1999) , differences in illness severity or response to treatment between the two groups seems to be likely explanations. Whatever the reason for these differences, upregulation of ER stress proteins in temporal cortex of MDD subjects who commit suicide may be important for several reasons.
Since calreticulin modulates glucocorticoid responsive gene expression (Michalak et al. 1996) , it is interesting to speculate that this may have been an attempt to compensate for high levels of circulating glucocorticoids on these vulnerable brain regions. Moreover, since studies have shown that increased expression of ER stress proteins prevents Ca 2 ϩ depletion from the ER and protects against cellular damage and death (Lievremont et al. 1997; Liu et al. 1997 Liu et al. , 1998 Yu et al. 1999) , it is possible that an elevation of these proteins in this subgroup of patients may have been an attempt to compen-sate for these neuropathologic changes in this patient group. Indeed, several recent studies are suggestive of cellular loss and glial changes in cortical regions of patients with MDD, which may be correlated with severity of illness (Ongur et al. 1998; Rajkowska et al. 1999) .
These results need to be interpreted with caution as the functional significance of these differences needs to be established as well as measurement of these proteins in other brain regions. Although clinical information on these subjects appears to be comprehensive and detailed, we cannot rule out the possibility that an undetermined clinical variable contributed to the pattern of results. Nonetheless, the present findings, even with a relatively small sample size suggest that further study of the role of ER stress proteins in MDD and its treatment are worthwhile.
